Background: Kinematic gait analysis is an important noninvasive technique used for quantitative 21 evaluation and description of locomotion and other movements in healthy and injured 22 populations. Three dimensional (3D) kinematic analysis offers additional outcome measures 23 including internal-external rotation not characterized using sagittal plane analysis techniques.
Introduction
Due to skin motion artifact across the stifle joint, a retroreflective marker was not placed 126 on the cat stifle. Instead, two techniques were used to determine a lateral stifle virtual marker. 127 For the first technique (unadjusted tibia axis technique), the lateral stifle virtual marker was 128 defined as the midpoint of the line connecting 1) the vector of length equal to the fibula length 129 originating at the lateral malleolus projected through the vector marker and 2) the vector of arrow along the tibia) was defined as the vector of length equal to the fibula length originating at 140 the lateral malleolus projected through the vector marker. The femoral axis was defined as the vector of length equal to the femur length originating at the greater trochanter projected towards the fibula vector endpoint. The lateral stifle virtual marker was defined as the midpoint of the 143 line connecting the endpoints of tibia axis 1 and the femoral axis. Tibia axis 2 (dark arrow along 144 the tibia) was defined as the vector of length equal to the fibular length originating at the lateral 145 malleolus projected towards the lateral stifle virtual marker determined previously. Anatomical segment coordinate systems were developed for the pelvis and bilateral 159 femur, tibia, and tarsus based on markers placed on the skin (Fig 2) . Each anatomical segment at the stifle and anterior tibia, but these markers were not used in the current study.
211
The hind limb specimen was manually moved through a walking gait motion (metatarsus 212 moved elliptically in the sagittal plane to mimic walking). Hip, stifle, and tarsal joints were 213 manipulated collectively in 3D space using a rigid wooden extension attached to the metatarsus.
214
Thin metal wire was threaded through the metatarsus connective tissue and secured to an eyebolt providing translational constraint. Nine cycles were recorded, and data were normalized by 217 resampling into percent cycle.
218
The joint coordinate system was used to determine 3D joint angles using the marker 219 triads on each segment. Joint angles determined using the bony landmark marker set and the 220 marker triads were compared. The bony landmark marker set and the marker triad marker set 221 defined coordinate system orientations on each segment. Therefore, small differences in marker 222 placement and coordinate system alignment were present and unavoidable. Offset in coordinate 223 system orientations defined by the bony landmark marker set and the marker triad on each 224 segment due to alignment differences between the marker sets was eliminated using coordinate 225 transformation. The bony landmark coordinate system joint angles were related to the marker 226 triad coordinate system joint angles using the following transformation at each joint:
where R 3 is the rotation matrix from the proximal segment bony landmark coordinate system to 229 the proximal segment marker triad coordinate system, R 2 is the rotation matrix from the distal 230 segment bony landmark coordinate system to the proximal segment bony landmark coordinate 231 system, and R 1 is the rotation matrix from the distal segment marker triad coordinate system to 232 the distal segment bony landmark coordinate system. The rotation matrices R 1 , R 2 , and R 3 , are 233 each notationally equivalent to
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(2) 236 where θ 1 , θ 2 , and θ 3 are the three rotations to transform one coordinate system into another 237 coordinate system [37] . R 1 and R 3 were determined for one frame with the hind limb mounted in a neutral position (i.e., the limb was not subjected to forces using the rigid wooden extension) 239 and then applied to all frames. R 2 corresponds to the joint angles determined at each frame using 240 the bony landmark coordinate systems of the proximal and distal segments. R transform joint angles 241 were compared to joint angles determined using the marker triad coordinate systems of the 242 proximal and distal segments.
Results

244
Ages were 2.9 years, mean weight was 3.5 ± 0.2 kg, and mean walking speed was 0.73 ± 245 0.08 m/s for the three cats performing gait trials. Age was 1.4 years and weight was 3.4 kg for 246 the cat used for model validation. Flexion-extension differed between the multiplane and sagittal plane kinematic models 296 ( Fig 6) . Ex vivo walking task hip, stifle, and tarsal kinematics were similar using the triad marker 297 set and the transformed bony landmark marker set (Fig 7) . Optical motion capture systems allow flexibility to assess gait across a range of tasks.
362
However, it is known that skin motion around the stifle joint in cats and rats prevents reliable implanted tracking devices and less hazardous than x-ray cinematography. To minimize the 369 influence of skin motion on stifle tracking, sagittal plane kinematic models in cats and rats have 370 used mathematical projection techniques to estimate the stifle center based on distal tibial 371 markers, the greater trochanter marker, and fibular and femoral lengths [25, 26, 30, 32] To our 372 knowledge, direct comparison between x-ray cinematography, skin-mounted marker, and 373 projection techniques have not been evaluated in the cat stifle. However, stifle joint projection 374 techniques in rats showed better agreement with x-ray cinematography compared to skin 375 mounted markers [31] . Peak differences in average craniocaudal and ventrodorsal stifle position 376 during gait in rats using a skin-mounted stifle marker compared to a projected stifle marker based on measured segment lengths ranged from 5.0 -7.5 mm while peak sagittal plane hip and 378 stifle joint angles using these two techniques differed by as much as ± 20° [32] . Another study 379 measured a peak difference in stifle flexion-extension angle during gait of 39 ± 6° between x-ray 380 and skin-mounted marker techniques and 17 ± 11° between x-ray and projection techniques with 381 peak errors occurring near paw contact [31] .
382
In the current study, two stifle projection techniques were implemented and compared. In to stifle skin motion artifact that occurs in the cat. Therefore, the femoral coordinate system was
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